Elimination of cracks in self-assembled photonic band gap crystals 
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Thin colloidal crystals (or synthetic opals) composed of Stober silica spheres typically develop 
cracks when they are utilized to obtain photonic band gap crystals (or inverted opals). We find 
that by sintering the silica spheres prior to assembly of the opal these cracks can be avoided. We 
report the effects of temperature and duration of the heat treatment on 850 nm silica spheres using 
electron microscopy, thermogravimetry, and light scattering. We also find a large dependence of the 
refractive index of the silica on the temperature of the heat treatment. This may allow tuning of 
the refractive index of silica spheres. 



Photonic band gap crystals are synthetic materials in 
which a certain range of electromagnetic frequencies is 
not allowed to exist 0,0 • They have been studied be- 
cause this property, known as the photonic band gap, 
can provide a versatile means to control optical signals 
1^, 4]. However, to obtain a photonic band gap for op- 
tical frequencies, one must be able to fabricate struc- 
tures that are three-dimensionally periodic on an opti- 
cal length scale and composed of a solid with a high 
refractive index (n). One approach to achieve this is 
through the self-assembly of spherical colloidal particles 
IE IE H) ^> Micrometer-scale sihca spheres 

that are nearly monodisperse can be induced to organize 
into crystals known as synthetic opals. The spheres are 
close-packed on a face-centered cubic (fee) lattice. To 
obtain a photonic band gap, these opals must be infil- 
trated with a material with a large n and the spheres 
must then be selectively removed by a wet etchant. The 
resulting structure, referred to as an inverted opal, has 
been predicted to have a photonic band gap if the infill 
has n > 2.85 [3 ^3- Consequently, chemical vapor de- 
position (CVD) has been used to obtain silicon (n=3.5) 
inverted opals to explore the photonic band gap in self- 
assembled materials 0, ^| . 

One issue of concern is that, as with any crystal growth 
process, a variety of defects (e.g., vacancies, stacking 
faults, interstitials, etc.) can form during the self- 
assembly of synthetic opals. These are transferred from 
the opal to the photonic band gap crystal and, depending 
on the t ype of defect, may render it unsuitable for appli- 
cations jig- Thus, one focus of recent work has been to 
reduce defect densities in these structures 0|. In par- 
ticular, methods have been recently developed to deposit 
thin opals X~20 layers) with low defect densities on a fiat 
substrate |la |. Capillary forces in the meniscus between 
the substrate and a colloidal sol induce the crystalliza- 
tion ^E|- Using these methods, thin silicon inverted opals 
with optical properties consistent with a photonic band 
gap have recently been grown ^El ■ 

However, less attention has been focused on eliminat- 



* electronic address: "dnorr isQumn.edul 



ing defects that are formed during the infiltration step. 
In particular, cracks can appear in thin opaline films 
under conditions which induce shrinkage of the spheres. 
For example, in opals assembled from polymer spheres, 
this can occur due to electron-beam exposure in an elec- 
tron microscope _18j . Opals assembled from silica spheres 
(as discussed here) are more resistant to shrinkage, but 
shrinkage still occurs if the opal is heated to elevated 
temperatures. Thus, when opals are infiltrated with sili- 
con at temperatures above 500°C [T4LIT3 |. cracks appear 
which are transferred to the inverted opals. For appli- 
cations in photonics, these cracks are a serious problem 
that can limit their use. 

Here, we explore methods to eliminate these cracks. 
Namely, we show that by pre-shrinking the silica spheres 
prior to assembly of the opal, the spheres do not shrink 
significantly during the silicon infiltration step. Thus, 
inverted opals can be obtained in which the cracks have 
been eliminated. Two alternative methods to achieve 
pre-shrinkage of the silica spheres have been studied. 
First, the spheres were refluxed for prolonged periods 
in high-boiling-point solvents. Second, the spheres were 
sintered as dry powders and then redispersed. Below we 
report the details of our findings. 

Our silica particles were produced by the standard 
Stober synthesis l^^ which was modified to obtain par- 
ticles >600 nm in diameter "21]. As determined by scan- 
ning electron microscopy (SEM), the particles used here 
had an average diameter of 850 nm with a standard devi- 
ation of 1.4%. They were obtained from the same batch 
discussed in Ref. [l^- After growth, the particles were 
redispersed 3 times in deionized water and stored in abso- 
lute ethanol. To assemble an opal, the particles were re- 
suspended in methanol ('~1% by volume) in a small vial, 
which was then placed in a sand bath. A temperature 
gradient was applied across the vial (50*^0 at the bottom 
to 40" C at the top) and a substrate was submersed in 
the suspension. As the solvent evaporated, a thin opal 
was deposited and occupied a centimeter-scale area on 
the substrate. The opal was then dried and studied with 
SEM. The opals had a structure similar to previous re- 
ports 0,1m.]- In particular, the opals had no discernible 
cracks after growth. 

Silicon inverted opals were obtained as reported pre- 
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viously [l5j- In brief, the opal was infiltrated with Si 
using low-pressure CVD (LPCVD). During the process 
the sample temperature was maintained at 550'^C for 5 
hours. After infiltration, the top surface of the opal was 
exposed by reactive ion etching and the silica spheres 
were removed with a 5% aqueous solution of HF. A SEM 
image of a typical Si inverted opal obtained by this pro- 
cess is shown in Fig. la. The image indicates that the 
opal has developed numerous cracks during the deposi- 
tion process. Moreover, since the cracks are filled with Si, 
this indicates that the silica spheres shrank and formed 
cracks early in the process. This implies that if the opal 
were assembled of pre-shrunken silica spheres perhaps no 
cracks would develop, thereby suggesting a possible so- 
lution to the crack problem. 

Our first attempt to pre-shrink the spheres involved 
refluxing the spheres in high-boiling-point solvents. For 
example, by dispersing the silica in ethylene glycol, the 
spheres could be heated to ^260°C for prolonged peri- 
ods. However, we found that at elevated temperatures 
the pH of the dispersion quickly rose, presumably due 
to release of adsorbed hydroxide ions. At high pH, the 
size of the spheres was reduced. However, while our goal 
is to densify the spheres, they were actually just etched 
due to the higher solubility of silica under these highly 
basic conditions. Thus, such spheres would still shrink 
during the high temperature infiltration step. Attempts 
to eliminate this etching with repeated washings of the 
initial dispersion or addition of buffers were not success- 
ful. 

Instead, we moved to another approach — sintering 
the spheres as dry powders and then redispersing them. 
This approach was successful, as shown below, and a sys- 
tematic study of the variation in size and density of the 
spheres due to variations in time and temperature of the 
heat treatment were performed to understand the dy- 
namics of the process. To determine changes in mass, 
loose powders were heated at constant temperature in 
static air for up to 10 hours using a Perkin-Elmer TG7 
thermogravimeter. Changes in the size of the spheres 
were measured with SEM. In Fig. 2a we plot the rela- 
tive volume loss of the spheres with time. The reported 
time does not include that initially required to ramp the 
sample up to the final temperature (at 20° C per min). 
Thus, values of volume loss are finite at zero time. The 
data show that after a rapid initial loss, the volume of 
the silica spheres approaches a constant value. However, 
the net volume loss increases with increasing tempera- 
ture, T. Also, the time at which the volume levels off, 
decreases with increasing T. At 600"C, the total volume 
loss of silica spheres of ^20% is achieved in 4 hours. In 
Fig. 2b, we plot the relative weight loss of the spheres 
with time. The weight loss is seen to be correlated with 
volume changes. At 600*^0, the total weight loss of sil- 
ica spheres is ~12%, which is in agreement with previous 
thermogravimetric studies of silica particles [2^ l2.l|| . As 
these results show that the weight loss is less than the 
volume loss, they indicate that the silica spheres are be- 




FIG. 1: (a) SEM image of a heavily-cracked Si inverted opal. 
The opal template for the crystal was assembled of 850 nm 
silica spheres; the cracks appeared during Si LPCVD due to 
shrinkage of the spheres, (b) SEM image of a crack-free Si 
inverted opal. The spheres were sintered as a dry powder at 
600° C for 4 hours prior to assembly of the opal; after the heat 
treatment, the diameter of the spheres was 792 nm. 



coming denser. This was confirmed using a helium py- 
cnometer to measure the density of our silica powders. 
Whereas the density of the original Stober silica spheres 
was 1.97±0.05 g/cm^, it increased to 2.10±0.05 g/cm^ 
and 2.17±0.05 g/cm'^ with heat treatments at 300°C and 
600°C, respectively, in agreement with previous measure- 
ments 1^ 122, [13 ■ The increase in the density of silica 
spheres is attributed to the removal of water and ethanol 
from the silica during heating and elimination of pores 
(see more below) p^ . 

Based on the results of Fig. 2, we prepared silica 
spheres for opal assembly by heating silica powder at 
600°C for 4 hours. It is important to note that SEM 
measurements indicated that the heat treatment caused 
no significant change in the polydispersity of the silica 
spheres. The particles shrunk from 850 nm ± 1.4% to 
793 nm ± 1.4%. After the sintering, the particles were 
redispersed in methanol using ultrasonication. Silica ag- 
gregates left after sonication were removed by sedimen- 
tation. Then, Si inverted opals were fabricated in the 



T=600C (a) 




1.47 
1.46 
1.45 
1.44 
1.43 
1.42 




20 



O 15 

> 

< 

10 



5 

2 4 6 8 10 



T=600C (b) : 




2 4 6 8 10 



time (hrs) 

FIG. 2: (a) Relative volume loss and (b) relative weight loss of 
silica spheres heated at T=300, 400, 500, and 600''C plotted 
versus the time of the heat treatment. 



same manner as described above. A SEM image of the 
resulting inverted opal is shown in Fig. lb. No cracks 
have developed in the inverted opal formed from the pre- 
shrunken spheres. Thus, our approach provides a solu- 
tion to the crack problem in self-assembled photonic band 
gap crystals. 

Finally, we note that, during our study, we also discov- 
ered some unexpected behavior in the refractive index of 
the silica particles. To obtain additional evidence of the 
densification of the silica after heat treatment, we deter- 
mined the refractive index of the silica spheres, ngp, by 
measuring the optical transmittance through dilute dis- 
persions in mixtures of ethanol (ne=1.360 at 589 nm) and 
1-bromonaphthalene (nb=1.657 at 589 nm). In this case, 
which is in the single scattering limit, the attenuation 
of the transmittance due to scattering is a function of 
the refractive index contrast between the silica spheres 
and the solvent. The transmittance is at a maximum 
when the refractive index of the solvent matches Usp. 
Using a UV-visible spectrometer, transmittance spectra 
were obtained for 7 different values of the refractive in- 
dex contrast, slightly above and below the value of unity, 
by changing the concentration of 1-bromonaphthalene in 
ethanol. After correcting for attenuation due to absorp- 
tion by the solvents, transmittance at 589 nm was fit by 
a polynomial of the refractive index of the solvent. This 
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FIG. 3: Refractive index at 589 nm of the original silica 
spheres (as synthesized) and silica spheres heat-treated at 
r=3QQ, 400, 500, and 600°C for 10 hours. The dashed line 
indicates the refractive index of fused quartz. 



polynomial was then solved for the maximum transmit- 
tance, corresponding to a refractive index contrast of one. 

The results of the analysis are presented in Fig. 3, 
where Usp is plotted versus T. According to our den- 
sity measurements of the original and heat-treated silica 
powders, one might expect an increase in the refractive 
index of silica spheres with increasing T. However, Usp 
of the heat-treated silica is actually smaller than that of 
the original silica and shows an unusual dependence upon 
T. The refractive index first decreases with increasing 
T; then, at T > 400*^0, it increases with T, approach- 
ing the refractive index of fused quartz, indicated by the 
dashed line. This unusual behavior may be explained by 
the ultramicroporous structure of silica HH • During 
the heat treatment, we propose that two processes are 
occurring: material is being eliminated from the pores 
(which decreases the effective index of the particles) and 
the pores are eliminated entirely through condensation 
(which increases the effective index of the particles). A 
competition between these two effects can explain the 
results in Fig. 3. 

Even more surprising, we found that n^p depended 
upon the storage history of the silica spheres. For ex- 
ample, silica spheres stored in water and then sintered at 
GOO^C for 10 hours exhibited Usp of 1.36. This is quite 
different from Ugp of 1.44 obtained under the same sin- 
tering conditions for spheres stored in ethanol (Fig. 3). 
These results were very reproducible and may provide 
one reason why reported values of Usp can vary signif- 
icantly from study to study. However, future work is 
necessary to completely clarify these effects. 

In conclusion, we report a simple method to avoid 
cracks in silicon-inverted opals. By sintering silica 
spheres as dry powders at temperatures as high as GOO'^C 
prior to the assembly of the opal, cracks do not appear 
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subsequently during the silicon infiltration step. Thus, 
this method eliminates another class of important defects 
in these materials. In addition, we find that the heat 
treatment of the silica spheres can significantly change 
their refractive index, depending on the temperature and 
their solvent history. With further understanding, this 
effect may be useful for controlling the refractive index 
of silica particles, potentially over a range between 1.36 



and 1.44. 
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